al. (Mol. Cell. Biol. 11:5801-5812, 1991) present evidence that the Vpsl8/Pep3 protein colocalizes with the Vpsll/Pep5 protein to the cytosolic face of the vacuolar membrane. Together with the similar phenotypes exhibited by both vpsll and vpsl8 mutants, this finding suggests that they may function at a common step during vacuolar protein sorting and that the integrity of their zinc finger motifs may be required for this function.
Eukaryotic cells contain many membrane-bounded compartments, most having a different form and function. The question of how these diverse membrane-enclosed organelles are constructed and maintained, each with its own specific structural components, enzymes, and substrates, is interesting and complex. Certain of the compartments are linked to each other via transport vesicles. Proteins destined for the cell surface and the lysosome travel together through a transport pathway made up of the endoplasmic reticulum, Golgi, and various transport vesicles. A protein sorting apparatus is required late in the Golgi for the continuous segregation of lysosomal proteins from proteins destined for the cell surface.
The vacuole of the yeast Saccharomyces cerevisiae is analogous to the lysosome of mammalian cells in many respects. The lumen of the vacuole contains many of the hydrolytic enzymes of the cell, including carboxypeptidase Y (CPY), proteinase A (PrA), and proteinase B (PrB) (2, 20, 27, 32) . These digestive enzymes are transported to the vacuole as inactive precursors, apparently to prevent degradation of cell components that they might encounter on the way to the vacuole. As in other eukaryotes, soluble proteins en route to the yeast vacuole pass through early compartments of the yeast secretory pathway. The main evidence for this is genetic; secretion-defective (sec) mutants that block transport at early stages of the pathway, such as between the endoplasmic reticulum and Golgi compartments, also block the transport of soluble proteins to the vacuole (51) . Several different genetic selection schemes have resulted in the isolation of a large number of mutants that exhibit defects in vacuolar protein sorting (vps mutants) (reviewed in reference 32) . Genetic comparisons among these mutants have demonstrated that they collectively define more than 47 unique complementation groups (45, 47) . Instead of delivering vacuolar hydrolases to the vacuole, these vps mutants missort the hydrolase precursors to the yeast cell surface (5, 45, 47, 49) . Protein glycosylation and secretion appear to be normal in most of the vps mutants, indicating that the defects in these mutants are specific for the targeting of vacuolar proteins (45, 49) .
Among the vps mutants, four complementation groups (vpsll, vpsl6, vps18 , and vps33) showed interesting pleiotropic phenotypes. These vps mutants have abnormal cell morphology; they lack any structure resembling a normal vacuole and instead accumulate aberrant membrane enclosed structures within the cytoplasm. This was termed the class C phenotype (6) . In addition, severely defective alleles in each of these complementation groups exhibit a genetically linked temperature-sensitive (Ts) growth defect (45) . These mutants have in common several additional vacuoleassociated defects. These defects include mislocalization of soluble vacuolar enzymes such as CPY, PrA, and PrB, processing and/or sorting defects for vacuole membrane proteins like alkaline phosphatase, inability of homozygous diploids to sporulate, reduced amino acid pools, lack of the characteristic red color of the endogenous fluorophor normally accumulated in the vacuole of ade2 mutants, and osmotic sensitivity (6, 31, 45) . We reasoned that if a mutation in a single genetic locus could cause such major defects in vacuolar protein delivery and vacuole biogenesis, it was likely that such a gene would encode a product that played a central role in the biogenesis of this organelle. For this reason one of these genes, VPS18, was chosen for further study.
Eight spontaneous alleles of vpsl8 were originally isolated in our screen for vps mutants outlined above. Depending on the allele, >85% of CPY was secreted from vpsl8 mutant cells as the Golgi-modified p2 form of the protein. Most of the alleles result in a class C cell morphology; no morphologically identifiable vacuole is visible. Four of the mutant alleles (vpsl8-1, vpsl8-3, vpsJ84a and vpsl8-5) exhibit a Ts growth phenotype (45) .
The isolation of the VPS18 gene from a yeast genomic library and its DNA sequence are described in this report. These studies indicate that the VPS18 gene can encode a 918-amino-acid protein that contains a cysteine-rich zinc finger motif at its COOH terminus. Site-directed mutagenesis indicated that the integrity of this cysteine-rich motif is required for this protein to function in vacuolar protein sorting. Strains in which the VPS18 gene has been deleted are viable and exhibit a defect in the Kex2p-dependent maturation of a-factor. This finding suggests that the late Golgi compartment in which Kex2p resides and from which vacuolar enzymes exit toward the vacuole may be defective in vpsl8 mutants.
MATERIALS AND METHODS
Materials. Agar and other growth medium components were from Difco (Detroit, Mich.). 5-Bromo-4-chloro-3-indoyl-p-D-galactoside (X-Gal), isopropyl-p-D-thiogalactopyranoside (IPTG), and several DNA-modifying enzymes were from Boehringer Mannheim Biochemicals (Indianapolis, Ind.). Other DNA-modifying enzymes were from New England Biolabs (Beverly, Mass.). Sequenase DNA sequencing kit and enzyme were from United States Biochemicals (Cleveland, Ohio). [ax-35S]dATP was from Amersham (Arlington Heights, Ill.), and Tran-35S label was from ICN Radiochemicals (Irvine, Calif.). 5(6)-Carboxy-2'-7'-dichlorofluorescein diacetate (CDCFDA) was from Molecular Probes (Eugene, Ore.). 5-Fluoro-orotic acid was from PCR (Gainesville, Fla.). Other reagents were from Sigma (St. Louis, Mo.).
Strains, growth media, genetic methods, and gene cloning. Standard genetic methods were used throughout. The yeast and Escherichia coli strains used in this study are shown in Table 1 . Standard yeast rich (YPD), minimal (SM), and sporulation media were prepared as described previously and supplemented with the appropriate amino acids (50a).
Analysis of revertants of strain SEY18-4 that had recov- Mating types of strains were determined by the standard mating-factor halo test on lawns of yeast cells supersensitive to mating pheremone(s). Bioassays for a-factor were on lawns of sstl MATa cells suspended in top YPD-agarose for even spreading as described previously (28) .
Plasmids and recombinant DNA. Standard methods were used for recombinant DNA manipulations (3, 38) . The YCP50 library (46) was the kind gift of M. Rose. Shuttle vectors were introduced into yeast cells by the lithium acetate method (23) .
The original vpsl8-complementing clone, pJSR1, comprised a 26-kb insert in YCP50 (a centromere-carrying shuttle vector for yeast and E. coli). Preliminary restriction mapping indicated that a 20-kb Clal fragment could be deleted from pJSR1 to leave 6 kb of the insert in the slightly shortened (Sau3A-ClaI deleted), but still functional, YCp5O
vector. This plasmid (pJSR3) complemented the Ts growth and the vacuolar protein sorting defects of SEY18-4. Other subclones of pJSR1 for complementation analysis were constructed in centromeric yeast-E. coli shuttle vector pPHYC18 (21) . These subclones were as follows; the 4-kb EcoRV fragment (Fig. 1A) inserted in the SmaI site of pPHYC18 (pJSR4), which gave partial complementation of the phenotypes of SEY18-4; the 2-kb XbaI-to-ClaI fragment (pJSR5), which did not complement SEY18-4; and the 3.5-kb SacI-to-KpnI fragment (pJSR6), which complemented all phenotypes of SEY18-4 tested and therefore defined the smallest vpsl8-complementing subclone of the original plasmid.
Plasmid pJSR2 for integrative mapping was as described above. The construct used for gene disruption of VPS18 was as shown in Fig. 1A 12, 1991 5816 1A. All DNA was sequenced by the dideoxynucleotide chain termination method (50) .
Site-directed mutagenesis of the VPS18 gene present on a 3.5-kb KpnI-to-SacI fragment in M13mpl8 was carried out as described previously (33) . Each oligonucleotide introduced a restriction site for identification of clones carrying the desired alteration. Mutant VPS18 KpnI-to-SacI (minimum-complementing) fragments were subcloned into a yeast-E. coli, centromeric shuttle vector (pPHYC18) to produce pJSR8 (AFGEI-400-403) and pJSR9 (C-826->S). It was necessary to use partial digestion to construct pJSR9, as a second Sacl site had been introduced by the mutagenesis. Using this newly introduced Sacl site in pJSR9, we also generated a construct (pJSR10, AS825-end) in the pPHYC18 vector. These plasmids were transformed into strains SEY18-4 and JSR18A1 to test their ability to complement the vpsl8 mutant phenotypes.
Immunoprecipitations. Radiolabeling of yeast cells and immunoprecipitation of a-factor were done as described previously (18) . The o-factor antiserum was the generous gift of R. Sheckman. For CPY immunoprecipitations, cells were labeled as described above except that labeling was for 30 min, and the chase was with cold methionine alone was for 30 min except where noted in the figure legends. The preparation of CPY antisera was described previously (30) .
Nucleotide sequence accession number. The GenBank accession number for the sequence reported in this paper is M65144.
RESULTS
Isolation and analysis of a plasmid carrying the VPS18 gene. Eight spontaneous alleles of vpsl8 that missort CPY and deliver it to the cell surface in precursor form were isolated in our screen for mutants defective in vacuolar protein targeting (45) . Four of the alleles (vps18-1, vpsl8-3, vps184a, and vpsl8-5) exhibit a Ts growth phenotype. One allele, vpsJ84a, was found to be due to an amber mutation in the VPS18 gene. Temperature-resistant revertants of this strain (SEY18-4) contained amber suppressor mutations (see Materials and Methods). We made use of the recessive Ts growth defect of strains carrying the vpsJ84' allele to isolate the VPS18 gene from a centromere-based yeast genomic library (see Materials and Methods). A complementing plasmid, pJSR1, was isolated. Transformation of the original mutant strain, SEY18-4 (vpsJ84'), with pJSR1 rescued all of the recessive defects tested: the Ts growth defect (Fig. 1B) , vacuolar protein sorting defects (CPY and a CPY-invertase hybrid protein), and abnormal cell morphology.
To determine whether the complementing plasmid contained the VPS18 gene, we investigated linkage of the cloned DNA to the VPS18 locus by testing whether it could direct integration of a plasmid carrying the yeast TRPI gene into the VPS18 chromosomal locus. The appropriate construct (pJSR2; see Materials and Methods) was transformed into SEY6211. Two independent Trp+ transformants were crossed with SEY18-4. Every tetrad analyzed (12 from each diploid) was a parental ditype with respect to trpl and vpsl8 (i.e., each segregant was either vpsl8 trpl or VPS18 TRPI), indicating that the DNA insert in pJSR2 was indeed derived from the VPS18 chromosomal locus.
Initial restriction mapping showed that the original complementing plasmid, pJSR1, carries an insert of approximately 26 kb. To ascertain the size of the VPS18 gene, smaller fragments were subcloned into a centromere-based vector (see Materials and Methods). Complementation analysis of SEY18-4 transformed with these subclones placed the putative Vpsl8p-coding region within about 4 kb of DNA. A restriction map for this DNA fragment is shown in Fig. 1A .
The (41) identified a short stretch of sequence with identity to the cAMP-binding sites of cAMP-dependent protein kinases. This seven-amino-acid region of identity (residues 400 to 407) comprises the amino acids FGEIAL and corresponds to the consensus cAMPbinding site also found in the CAP (or CRP) protein from E. coli (underlined with dashed line in Fig. 2 ).
Another sequence comparison (1) performed at the National Center for Biotechnology Information on the same data bases using the BLAST network service identified a cysteine-rich sequence close to the COOH terminus of Vpsl8p (residues 826 to 894) with sequence similarity to the 43-kDa postsynaptic protein (15) and certain zinc finger proteins (9) . The pattern of cysteine residues is CX2CX13CX2CX4CX38CX2C (underlined in Fig. 2 ). By visual inspection, we noted that the previously published sequence of the product of another gene involved in vacuolar protein sorting (VPSII) also shows a cysteine-rich COOHterminal region with an arrangement of cysteines very similar to that of Vpsl8p (Fig. 3 ). VPSJJ gene is also known in the literature as PEP5 (53) and as END] (13) . In our original screen for vps mutants (45), we had also obtained eight mutant alleles of this gene (vpsll-J to vpsll-8). The vpsll mutants, like vpsl8 mutants, exhibit the unique class C vacuole-defective morphology, and some alleles also have defects in growth at high temperatures (6, 45) . The sequence similarity between the Vps18 and Vpsll/Pep5/Endl protein encompasses more amino acids than just the cysteines and has a symmetrical arrangement of histidines and cysteines (Fig. 3) . A portion of the COOH-terminal region of the Vpsl8p sequence is shown in Fig. 3 compared with cysteinerich sequences from the 43-kDa postsynaptic protein of rat (15) , Vpsllp/Pep5p/Endlp (13, 53) , the adenovirus ElA protein (10) , and Gal4p (36 
CCC TCC AAC ACT GA? ACT AAT GAG AAA TTT TTA CCC C?A GTA AGA GA? TCG GTG AAA GAA ACG TTT TGG TGT TTC TCA AAC ATC AAC GTC (Fig. 2) does not noticeably contribute to Vpsl8p function in the sorting of vacuolar proteins.
We also mutated the cysteine-rich motif at the carboxyl terminus of Vpsl8p ( Fig. 2 and 3 The addition of ZnCl2 to the growth media (as described in reference 24) did not suppress the Ts growth defect of the vpsl8 C-826--S mutant strain or any of the original vpsl8 strains. The C-826--*S mutation might be expected to abolish, rather than reduce, the affinity of Vpsl8p for zinc. Therefore, yeast strains with other mutations in the zinc finger motif of VPS18 are being constructed and will be tested for a zinc-remedial Ts growth phenotype.
The C-826-*S mutant allele of VPS18 exhibits a temperature-conditional CPY sorting defect. To determine the extent of the CPY sorting defect in the C-826--S mutant allele, a pulse-chase cell labeling with subsequent immunoprecipitation of CPY was carried out as described in Materials and Methods. At 23°C, more than 60% of CPY was converted to the mature form (mCPY) with kinetics similar to those seen in wild-type strains (Fig. 4) . This finding indicated that most of the CPY protein was being sorted to the vacuole in the mutant strain. Because of the Ts growth defect shown by this strain, we reasoned that the vacuolar sorting defect might be exaggerated at 37°C. To test this, mutant cells were incubated at 37°C for 30 min and then labeled as before. As shown in Fig. 4 , this treatment resulted in the missorting of (18) . These results indicated that the extreme defects in vacuolar protein sorting took effect within a few minutes of thermal inactivation of the Vps18 C-826--S protein.
The vacuolar morphology of the strain carrying the C-826-->S mutation was examined at 25°C by staining with the fluorescent dye CDCFDA, a vital stain for the vacuole (43) . We observed vacuoles of wild-type appearance interspersed with the small bright dots characteristically seen in the class C vps mutants (Fig. 5) . (vpsll, vps16, vps18, and vps33) had small a-factor halos, while as a general rule, class A (near-wild-type vacuole morphology) and class B (fragmented vacuole appearance) vps mutants had nearly normal-size a-factor halos. The size differences described here were seen after incubating the plates at 30°C; the differences were somewhat less pronounced but still visible when incubation was at room temperature (22 to 26°C). Figure 6 shows the a-factor halos produced by (43) and examined by Nomarski (A, C, and E) and fluorescence (B, D, and F) microscopy. Panels D and F were exposed twice as long as panel B to emphasize the difference between the AvpsJ8 and vpsl8(Ts) strains. Photographs of the vpsl8(Ts) cells preincubated at 37°C for various times (not shown) were indistinguishable from those shown in panels E and F. precursor form of a-factor. We reasoned that the reduced a-factor halo size could be due to defects in the biosynthesis, sorting, or processing of a-factor or to the rapid degradation of mature a-factor by vacuolar hydrolases released outside the mutant cells. The slower growth rate of the class C mutant cells could also have led to smaller halo sizes, but if this were the case, one would have expected to also observe smaller a-factor halos. To further investigate the small a-factor halo phenotype associated with vps18-Al::TRPJ strains, we examined the a-factor protein made in strain (Avps18) were labeled with Tran-35S for 5 min at 20°C and then chased for 20 min as described previously (30) . At 0 and 20 min of chase, aliquots were removed, centrifuged briefly to separate cells (C) from the medium (M), and stopped by adding trichloroacetic acid to a final concentration of 10%. a-Factor was recovered from the samples by immunoprecipitation and was fractionated in a 17% SDS-polyacrylamide gel. The positions of unglycosylated, core glycosylated, al-+3-mannosylated, and mature a-factor are noted. ER, endoplasmic reticulum.
JSR18A1. Protein was immunoprecipitated with a-factor antisera from cells pulse-labeled with Tran-35S label (see Materials and Methods), and the different forms were electrophoretically separated on sodium dodecyl sulfate (SDS)-polyacrylamide gels and examined by fluorography. Although the vpsl8-Al:: TRPI mutant cells process and secrete some mature a-factor, they also rapidly secrete significant amounts of the highly glycosylated precursor form of a-factor of >100 kDa into the growth medium (Fig. 7) . The enzymes responsible for the final maturation of a-factor are located in a late Golgi compartment and function to cleave the four mature pheromone repeats from one another and from the large precursor peptide (11, 18) . The initial cleavage is carried out by the dibasic endoprotease Kex2p (29) . The large precursor form of a-factor, and other a-factor forms found in the media that migrate above the mature peptide, have apparently not been fully processed by Kex2p. This observation is in sharp contrast with the behavior of wildtype cells, which secrete only the small 13-amino-acid mature peptide. This mature peptide secreted by wild-type cells has been fully processed by Kex2p (16), Kexlp (12) , and dipeptidylaminopeptidase A (28) before exiting the cell. The highly glycosylated form of a-factor secreted by vpsl8 mutants appears similar to that secreted by kex2 mutants and also resembles the form of a-factor secreted from clathrin heavy-chain-deficient mutants (chcl) (40) . Other class C vps mutants (Avpsl6, Avps33, and vpsll-l) exhibit a similar a-factor maturation defect (data not shown). In addition, the a-factor secreted from the vps mutants was as stable as that secreted from wild-type cells (Fig. 7 and data not shown) ; therefore, the reduced a-factor halo of the class C vps mutants was apparently the result of inefficient maturation of a-factor. Some vps mutants that do not have the class C vacuole morphology were also examined. Two vps mutants that exhibit severe defects in vacuolar sorting of CPY, vpsS (class B vacuole morphology) and vps35 (wild-type vacuole morphology), are practically normal with respect to a-factor processing. The small amount of precursor a-factor (approximately 5%) secreted from the vps5 (Fig. 7 ) and vps35 (data not shown) mutants could be explained by minor environmental perturbations in the secretory pathway brought about by the presence of incorrectly localized vacuolar proteins. Like the vpsl8 mutants, vps5 and vps35 mutants are defective in vacuolar delivery and processing of soluble vacuolar hydrolases (45) . Thus, the secretion of most of the a-factor in normal mature form from vpsS-Al::HIS3 strains suggests that the defect in a-factor maturation observed for vpsl8 mutants is not just a secondary consequence of the defect in vacuolar hydrolase sorting of vps18-Al::TRP1 strains. During the course of this work, it became clear (by comparison of restriction maps and sequences) that the vpsl8 and pep3 alleles define the same locus. pep3 alleles were isolated in a screen for mutants with reduced CPY activity and mapped to chromosome XII R (26). The phenotypes described for strains bearing mutant alleles of pep3 are similar to those of vpsl8 and also include hypersensitivity to amino acid and pyrimidine analogs and genetic suppression of alleles at the CAN] (arginine permease) locus (25) . The PEP3 gene recently has been cloned and sequenced (42 (14) , disruption of the gene for profilin (19) , and disruption of the following VPS genes: VPSI (48) , VPS3 (the Avps3 strains exhibit very slow growth at 37°C) (44), PEP51ENDI (13, 53) , VPSI5 (22) , VPS16 (22b), VPS33 (7), and VPS34 (21) . It is striking that most of the above are VPS genes involved in the biogenesis or maintenance of the yeast vacuole. One explanation for this conditional phenotype is that under stressful conditions, a fully functional yeast vacuole is necessary for survival, whereas the cell can manage to live and divide with an impaired vacuole under more optimal growth conditions. In no case so far described has the disruption or deletion of a VPS gene in S. cerevisiae led to lethality under all growth conditions. This may indicate that the vacuole is a dispensable organelle except under adverse conditions. But it remains a possibility that some remnant of a vacuole is necessary for cell survival under even the most favorable of conditions. As of yet, however, not even double vps mutants have shown a lethal phenotype (44a) .
DISCUSSION
At permissive temperatures, strains carrying the vpsl8-Al:: TRPI deletion have a slight growth defect in comparison with isogenic wild-type strains (Fig. 1B) (25) . In addition, the colonies rapidly become brown and the cells quickly lose viability upon storage of vps18-Al:::TRPI single colonies on solid media (both rich and minimal) at 4°C or room temperature. A similar phenotype has been observed for protease-deficient yeast strains (52) .
At permissive growth temperatures (23 and30°C), the vps18-Al::TRPI null mutant is extremely defective in the targeting of proteins such as CPY to the vacuole. The strain secretes up to 85% of its CPY from the cell as the precursor p2 form. Any CPY that does remain inside the cell is also in its p2 form, indicating that it has not reached a functional vacuolar compartment (Fig. 4) . In addition, the null mutant has a very severe morphological defect in the formation of a vacuole at any temperature (Fig. 5 (9) , in some cases, the binding of zinc is thought to facilitate protein dimerization or complex formation between related zinc finger-containing proteins. There is some evidence that this role in complex formation might be the case for the cysteine-rich regions of RNA polymerase I of S. cerevisiae (54) , adenovirus ElA (37) , the product of bacteriophage T4 gene 32 (8) , E. coli aspartyl transcarbamoylase (35) , and possibly members of the Gal4 family of transcription factors such as Pdrl (pdrl is a pleiotropic drug resistance mutation in S. cerevisiae) (4). For a brief review of zinc fingers and their functions, see reference 8.
The cysteine-rich C-terminal sequence of Vpsl8p shows 30% identity over 66 amino acids with a similar cysteine-rich region in the mouse muscle a-factor precursor must be cleaved by three enzymes: Kex2 endopeptidase, Kexl carboxypeptidase, and the product of the STEJ3 gene, dipeptidylaminopeptidase A (11, 17) . Kex2 endopeptidase cleaves the tandem a-factor subunits from the large pro segment; vps18-Al:: TRPJ strains are clearly defective in this process (Fig. 7) . The kinetics and extent of glycosyl modification of a-factor and CPY appear completely normal in this mutant. This suggests that earlier Golgi compartments containing the al-6 and acl-3 mannosyltransferase activities (18) are unaffected in the vps18-Al mutant. In addition, because pro-a-factor is found in the growth medium with rapid kinetics similar to those seen during mature a-factor secretion from wild-type cells (Fig.  7) , secretion is apparently unaffected in the mutant. The defect in this mutant, and other class C vps mutants, appears therefore to be very specific for the late Golgi functions of vacuolar protein sorting and the Kex2-dependent processing of a-factor.
Recently, we have shown that vacuolar proteins transit through a late Golgi compartment that contains Kex2 en route to the vacuole, and we have proposed that vacuolar protein sorting occurs within this compartment (18) . The pleiotropic defect exhibited by the class C vps mutants is consistent with this proposal. The possibility that the primary defect in vpsl8 mutants is a change in the overall functional integrity of this late Golgi compartment is an attractive one. Other phenotypes of the vpsl8 mutants, like the lack of normal vacuoles, would be a secondary consequence of the extreme vacuolar protein sorting defects resulting from perturbations of the Golgi compartment in which protein sorting and a-factor processing normally take place (Fig. 8) . Localization of the Vpsl8/Pep3p to the vacuole (42) 
